Behavioral and neuroimaging studies have recently demonstrated that symbolic numerical order 2 processing (i.e., deciding whether numbers are in an increasing/decreasing sequence or not) may 3 engages different cognitive mechanisms and brain regions compared to symbolic numerical 4 magnitude processing (e.g., deciding which of two numerals is larger). Because of this behavioral 5 dissociation, growing interest has emerged to better understand the neurocognitive mechanisms of 6 symbolic numerical order processing and their relationship to individual differences in arithmetic 7 performance. In the present functional imaging work, we further investigated this link in a group of 8 thirty children (7.2-10.25 years) from elementary school, who completed a symbolic numerical order 9 verification (are the numbers going up? e.g., 1-2-3), a symbolic numerical magnitude comparison 10 task (which is the larger number? e.g., 5-7), as well as an arithmetic fluency test outside the scanner.
strength between numerical order and arithmetic increases during the first years of formal education, 26 while the strength between numerical magnitude and arithmetic decreases (Lyons et al., 2014; Vogel 27 et al., 2014) and (b) that numerical order processing mediates the well-established association 28 between symbolic numerical magnitude processing and arithmetic in children, and that this 29 mediation effect emerges during the first years of formal education (Sasanguie & Vos, 2018) . This 30 evidence suggests a developmental change in the representation of numerical order and its 31 association with arithmetic abilities in the first years of formal education. Thus, neuroscientific 32 studies on developmental trajectories of numerical order processing should focus on this specific age 33 range. suited to the immediate task or context." (Ralph et al., 2016, p.8) . Brain activations within these 1 regions have been also observed during numerical and arithmetic processing (see meta-analysis from 2 Arsalidou & Taylor, 2011) and have been often equated with working memory (Song & Jiang, 2006) 3 as well as higher cognitive monitoring mechanisms-especially in the context of information 4 manipulation (Christoff & Gabrieli, 2000) . If similar cognitive strategies mediate the association 5 between numerical order processing and arithmetic, a significant association between the neural 6 correlates of numerical order processing and arithmetic might be expected in brain regions of the 7 semantic control network. Investigating the normative neurocognitive development of numerical 8 ordinal processing in children of a specific age range, in which the association between numerical 9 order and arithmetic appears to develop, would overcome some of the above discussed shortcomings 10 of previous studies and provide new evidence about the neurocognitive development of numerical 11 order processing and its association to arithmetic abilities. 12 To this end, we asked a group of healthy young children from 2nd t to 4 th grade to complete a 13 numerical order verification, a numerical magnitude comparison task, and a paper-pencil test of 14 arithmetic fluency. Based on the literature, we expected that reaction time measures of numerical 15 order and numerical magnitude would be both significant predictors of arithmetic performance. 16 However, we also expected that numerical order explains unique variance over and above numerical 17 magnitude processing and mediates the relationship between numerical magnitude and arithmetic 18 performance. On the neural level, we aimed to identify the brain regions that mediated the 19 relationship of numerical order processing with arithmetic performance and age. We expected that 20 the association of numerical order and arithmetic should be mediated by regions of the cognitive 21 control brain network described above. Based on the limited information from previous work, we 22 expected to find significant brain-behavior associations in frontal and/or parietal regions-especially 23 in regions of the IFG (Matejko et al., 2018; McCaskey et al., 2018) independent of age effects. We 24 also expected to find significant age related changes in the IPS within this sample of children, as has 25 been shown in the comparison between children and adults (Matejko et al., 2018) . 5, 2-3-4) across all trials. In the corresponding non-numerical control condition, three symbols 23 (numerals were cut in pieces and rearranged; for a similar approach see Kaufmann et al., 2009) were 24 repeatedly presented on the screen (see also Figure 1 ). In this task, children were asked to decide 25 whether the symbols were presented in the same colour or not. A simple colour control tasks were 26 chosen to control for general cognitive and perceptive components (e.g., general reaction time, visual 27 process associated with the presentation of symbols) and to isolate cognitive mechanisms that are 28 associated with numerical order processing. To ensure a good comprehension, response selection 29 was kept constant between experimental tasks and their appropriate control tasks, so that conditions 30 only varied in task instructions. Both tasks consisted of 32 trials each and children used their right 31 index finger to indicate when the stimuli were in order/the same colour, and their left index finger 32 when the stimuli were not in order/different colours.
1 Figure 1 . Schematic illustration of a stimulus presentation for the numerical order task on the left side and for the non-2 numerical task on the right side.
4
In the numerical magnitude task, two Arabic numerals (e.g., 4 5) were horizontally presented on a 5 computer screen (see Figure 2 ). Children were asked to decide as fast and as accurately as possible 6 which of the two numerals is numerically larger (i.e., number comparison task; Moyer & Landauer, 7 1967). Inter-item numerical distances of 1 or 2 (e.g., 3 5; 4 5) were used in this task. In the 8 corresponding non-numerical control condition, two non-numerical symbols (same symbols as in the 9 non-numerical order control condition) were presented on the screen. Children were asked to decide 10 which of the two symbols is printed in blue. Again, a simple colour control task was used to control 11 for general cognitive and perceptive components (e.g., general reaction time, visual process 12 associated with the presentation of symbols) and to isolate cognitive mechanisms that are associated 13 with numerical magnitude processing. Response selection was kept constant between the tasks. Both 14 tasks consisted of 44 trials each and children were instructed to press the right index finger, when the 15 larger number/the blue symbol was on the right side, or, the left index finger when the numerically 16 larger number/the blue symbol was presented on the left side of the screen. 10 1 2 Figure 2 . Schematic illustration of a stimulus presentation for the numerical magnitude on the left side and for the non-3 numerical control task on the right side.
5
The tasks were presented in pseudo-randomized order using the presentation software PsychoPy 6 (v1.82.01; Peirce, 2008). Participants watched the presentation over a mirror that was placed on top 7 of the channel head coil. Half of the participants (N = 14) started with the numerical order, followed 8 by the non-numerical order control task, whereas the other half of participants (N = 16) completed 9 the numerical magnitude task first, followed by the non-numerical magnitude control task. Each trial 10 (see Figure 1 and 2) started with a fixation cross that appeared for 500 ms on the computer screen.
11
After the fixation cross, the stimuli were presented in the centre of the screen (5000 ms in case of the 12 numerical order task and 2000 ms in case of the numerical magnitude task). The presentation of all 13 stimuli was followed by a blank screen, with a jittered interval of 2500 -5500 ms (mean of 4000 ms) 14 to oversample the hemodynamic response function (HRF). The duration of each task was about five 15 minutes.
16
Arithmetic performance was assessed with a paper-pencil test of arithmetic fluency (adapted from 17 Vogel et al., 2017b) outside the scanner. Children completed two pages of addition and two pages of 18 subtraction problems. Per sheet, participants were asked to solve as many problems as possible within 19 50 seconds. The items of the addition condition consisted of 90 single-digit problems for which the 20 solution was smaller than 10 (e.g., 6 + 1), and of 60 single-digit problems for which the solution was 21 greater than 10 (e.g., 9 + 8). The subtraction condition included 90 items in which the minuend and 22 the subtrahend were single-digit numbers (e.g., 8 -3), and 60 items in which the minuend was a 23 double-digit number (range 11-19, e.g., 17 -5) and the subtrahend a single-digit number (range 1 to 24 9). An arithmetic fluency score (sum of correct answers) was calculated for further analyses.
Experimental Procedure
1 After a general introduction and a short visiting tour through the facility, children were asked to 2 participate in a short practice session. In this session, all four tasks (numerical order, numerical 3 magnitude and the corresponding control tasks) were practiced on a computer outside the scanner. 4 We also used a crawl tunnel to simulate the scanning bore and to practice lying still. When children 5 felt comfortable to proceed, we carefully positioned them into the scanner and the experimental test 6 session started. The whole fMRI session took about 40 minutes. After the fMRI session, the 7 arithmetic fluency test was administered outside the scanner in a separate and quite testing room. Structural and functional imaging data were acquired with a 3-Tesla Siemens Skyra whole-body MRI 10 scanner at the MRI-LAB, University Graz (https://psychologie.uni-graz.at/en/mri-lab/). Changes in 11 brain metabolism associated with neural activity were collected with a 32-channel head coil, using a 12 blood oxygen level dependent (BOLD) sensitive T2* weighted multiband echo planar (EPI) 13 sequence. Images were acquired in an ascending-interleaved order covering the whole brain with 38 14 slices per volume (2mm thickness, 64 x 64 matrix (voxel resolution = 2.5mm x 2.5mm x 2.5mm), In the partial correlation analysis, we correlated each variable with arithmetic fluency, while 28 controlling for the effect of the remaining variables. In the multiple regression analysis, arithmetic (2015), who categorizes 9 a BF10 > 3 as moderate evidence, a BF10 > 10 as strong evidence, a BF10 > 30 as very strong evidence 10 and a BF10 > 100 as extreme evidence.
11
Finally, to investigate whether reaction times of numerical order are a significant mediator between calculated to investigate the associations of numerical order and numerical magnitude processing 23 with age (while controlling for individual differences in arithmetic fluency) and the associations of 24 numerical order and numerical magnitude with arithmetic fluency (while controlling for effects of 25 age). For all brain activations, we used an initial uncorrected threshold of p < 0.005 that was 26 subsequently corrected for multiple comparisons using cluster size thresholding (Forman et al., 1995; 27 Goebel et al., 2006) . In this method, the uncorrected maps are submitted to correction criteria based 28 on estimates of the map's spatial pre-processing smoothness and on an iterative correction procedure 29 (Monte Carlo simulation) that estimates cluster-level false-positives rates. After 1000 iterations, the 30 minimum cluster-size that yields a false-positive rate (α) of 0.05 is used to threshold and to correct 31 the statistical maps. Only activation cluster whose size met or exceeded the cluster threshold were 32 allowed to remain on the statistical maps. Descriptive statistics for reaction times and error rates of the scanner tasks are depicted in Table 1 3 and Figure 3 . Calculated pairwise t-test comparisons (corrected for multiple comparison) showed 4 higher error rates for the numerical order condition (ptukey < 0.05; compared to all other conditions), 5 as well as differences in reaction times across all conditions (ptukey < 0.05). In the arithmetic fluency 6 test, children solved between 13 and 133 calculations (mean = 64.3, SD = 28.8). To test the behavioural relationship of numerical order and numerical magnitude with children's 17 arithmetic performance, we first conducted Pearson's correlation analyses. Results of these analyses 18 (see Table 2 ) showed negative correlations between reaction times of numerical order and arithmetic 19 test scores, as well as between numerical magnitude and arithmetic test scores. The better children's performance in these tasks, the more arithmetic problems were solved. The Bayes factors (see also Table 2) indicated extreme evidence for an association between numerical order processing and 2 arithmetic and very strong evidence for an association of numerical magnitude processing and 3 arithmetic. Importantly, the relationship between numerical order and arithmetic performance remained 11 significant when controlling for age, and for reaction times of the numerical magnitude task as well 12 as the two non-numerical control tasks using a partial correlation and a multiple regression analysis 13 (see Table 3 ). 
Results

20
The Bayesian regression analysis (see Table 4 ) provided additional evidence for this finding. The 21 results showed extreme evidence in favour of a model that contains numerical order compared to the null model (including age) and strong evidence in favour of a model that contains numerical 1 magnitude compared to the null model (including age). A direct comparison between these models 2 showed that the model containing numerical order is 11.421 times more likely compared to the model 3 containing numerical magnitude, and that the parsimonious model containing only numerical order 4 is 3.286 more likely compared to the second best model that contains numerical order + numerical 5 magnitude. Overall, these findings demonstrate that numerical order is a significant predictor that 6 uniquely explains variance of arithmetic test scores over and above the other variables, especially 7 numerical magnitude. To determine whether numerical order also mediates the association between numerical magnitude to -.026, p < .001).
1 Figure 4 . Mediation model. Figure 3a displays the total effect (c) of the predictor numerical magnitude performance on chronological age. The first of these significant clusters (see also Figure 5 ) was located at the 1 posterior section of the intraparietal sulcus (IPS) of the left hemisphere (Tal(x,y,z): -30, -67, 37; r-value 2 = 0.68; number of voxels = 927), the second cluster was located at the intersection of the precuneus 3 and the superior parietal lobe (SPL) of the right hemisphere (Tal(x,y,z): 6, -55, 67; r-value = 0.67; 4 number of voxels = 823). In contrast, no significant association between numerical magnitude (i.e., 5 numericalmagnitude > non-numericalcontrol) processing and age was found in this analysis. Finally, we performed a post-hoc mediation analyses to investigate the specificity of the above 6 identified brain-behavior associations. For instance, it is possible that the significant relationship 7 between numerical order and arithmetic performance in the right IFGOp is mediated by numerical 8 magnitude. Or that the relationship between numerical magnitude and arithmetic in the left MFG is 9 mediated by numerical order. To investigate this possibility, we extracted Beta values from the four 10 brain regions that showed a significant brain-behavior/Age association in the above analyses: (1) the 11 right IFGOp, (2) the right pMTG, (3) the left middle frontal gyrus MFG and (4) the IPS. The extracted 12 Beta values were entered into four separate mediation analysis using the software package JAMOVI 13 (The jamovi project, 2019). The results of these analyses revealed no significant mediation effects.
14 In other words, we found no evidence that numerical magnitude mediated the relationship between 15 numerical order and arithmetic in the right IFGOp (bootstrap point estimate: ab = -.019, SE = .102, arithmetic skills in children and adults (Goffin & Ansari, 2016; Lyons & Ansari, 2015; Lyons & 23 Beilock, 2011; Lyons et al., 2014; Sasanguie et al., 2017; Sasanguie & Vos, 2018; Vogel et al., 24 2017b). The results of a mediation analysis further showed that the well-known relationship between 25 numerical magnitude processing and arithmetic is fully mediated by numerical order processing. This & Jiang, 2006) as well as to higher cognitive monitoring mechanism-especially in the context of 23 information manipulation (Christoff & Gabrieli, 2000) . Because of these characteristics Arsalidou 24 and Taylor (2011) further argued that the IFG is involved in monitoring simple rules that are 25 associated with the manipulation of numerical items. This inference is concordant with the semantic 26 control network (Humphreys et al., 2013) . The semantic control network encompasses a variety of 27 brain regions including the IFG and the pMTG, and it is thought that these brain regions interact with 28 domain-specific representations to engage control processing mechanisms that to perform a specific 29 task (Ralph et al., 2016) . There is also evidence that the cognitive control network is engaged during 30 the learning of ordinal associations. More specifically, adult participants were asked to learn the 31 ordinal relationship of novel symbols using a transitive inferences task (i.e., from learning x > y and 32 y > z follows the knowledge that x > z; Van Opstal et al., 2009) . Results of this imaging study showed 33 a significant increase in the IFG and, at a lower threshold, also in the right pMTG (i.e., contrasting and numerical order processing and reported significant, yet different, activation patterns within the 23 IPS for both conditions. While the authors observed a canonical distance effect for numerical 24 magnitude processing, a reverse distance effect was observed for numerical order processing. These Matejko et al., 2018) in which the authors showed a greater engagement of frontal regions during 28 numerical order processing in children and a stronger activation cluster within the left IPS in adults.
29
Our results replicate and extend this finding. They demonstrate a functional and age-dependent 30 specialisation of the IPS to process ordinal information in the first years of formal education in which 31 knowledge about numerical ordinal processing seems to be established. However, the functional 32 relevance of the IPS seems not to be related to arithmetic performance. Future studies need to further 33 specify the role of numerical order processing in the IPS and its functional relevance. relationship to arithmetic performance. But what about numerical magnitude and its relationship to 23 arithmetic performance? The present work found a significant association between numerical 24 magnitude processing and arithmetic both on the behavioral and the neural level. The behavioral 25 finding is consistent with a large body of evidence that has demonstrated a significant association 26 between numerical magnitude processing and arithmetic (Schneider et al., 2017) . The important role 27 of numerical magnitude processing is well established, but the present data suggest that it is not the 28 only important dimension relating to arithmetic abilities. Indeed, it appears that numerical order plays 29 a significant role during the first years of formal education. This general trend is supported by the 30 neuroimaging results. The whole-brain analysis showed that the middle frontal gyrus mediates the 31 relationship between numerical magnitude and arithmetic in elementary school children. Activation 32 in regions of the bilateral middle temporal gyrus are frequently reported in studies with number tasks However, the present work focused on a specific age group to cover changes in numerical order 23 processing during the first years of formal education. Indeed, there is strong evidence that the 24 relationship between numerical order processing and arithmetic changes during this particular time, 25 but not between numerical magnitude and arithmetic (Lyons et al., 2014; Sasanguie & Vos, 2018) .
26
For instance, in a large cross-sectional developmental study, Lyons and colleagues (2014) collected 27 a variety of numerical tasks-including numerical order and numerical magnitude-as well as 28 measures of arithmetic performance in children from the 1 st to 6 th grade. Results of this work 29 demonstrated that numerical order explains increasingly more variance with age, being the best 30 predictor of arithmetic fluency by grade 6. Together with our data, this may indicate that 31 developmental changes in the explored age range are more pronounced for numerical order 32 processing than for numerical magnitude processing-which may be established in years prior to 33 formal education. The different association of numerical order processing and numerical magnitude
